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The presence of cluster-like narrow resonances in the vicinity of reaction/decay thresholds is
a ubiquitous phenomenon with profound consequences. We argue that the continuum coupling,
present in the open quantum system description of the atomic nucleus, can profoundly impact the
nature of near-threshold states. In this Letter, we discuss the structure of the recently observed
near-threshold resonance in 11B, whose very existence explains the puzzling beta-delayed proton
emission of the neutron-rich 11Be.
Introduction– There are numerous examples of narrow
resonances in light nuclei that can be found in the prox-
imity of particle decay thresholds. For instance, as early
noticed by Ikeda et al. [1], α-cluster states in light nu-
clei are present around α-particle thresholds. Arguably
the most famous state of such character is the excited
0+ state of 12C very close to the α-particle separation
energy, which was postulated by Hoyle to explain pro-
duction of carbon in stars [2, 3]. Other examples abound
[4–7]. The narrow near-threshold resonances are very
important in astrophysical settings where most reactions
happen at very low energies near the threshold [6]. For
such states, particle emission or breakup channels can
successfully compete with other decay modes, such as γ
decay.
A very unusual decay, a β−-delayed proton decay of a
neutron-rich nucleus 11Be, predicted theoretically in [8],
was studied in Refs. [9, 10]. Experimentally, the strength
of this decay mode turned out to be unexpectedly high.
This puzzle was explained [9] by the presence of a nar-
row resonance in 11B, recently found in Ref. [10] slightly
above the proton separation energy. As estimated in
Ref. [10], in order to explain the observed proton de-
cay rate, this resonance must have a sizable single-proton
content. In this Letter, we argue that the proton reso-
nance in 11B, which happens to be ‘conveniently’ located
near the proton threshold is not entirely unexpected; its
existence is yet another manifestation of nuclear open-
ness.
Near-threshold collectivity of the nuclear open quan-
tum system– The pervasive appearance of cluster states
in the proximity of corresponding cluster thresholds must
be a general feature, fairly independent of model details.
Based on studies in the shell model embedded in the con-
tinuum (SMEC) [11], it has been conjectured [12, 13]
that the interplay between internal configuration mix-
ing by nuclear interactions and external configuration
mixing via decay channels leads to a new kind of near-
threshold collectivity. Specifically, the proximity of the
branch point singularity at the particle emission thresh-
old induces collective mixing of shell-model eigenstates,
which results in a single ‘aligned eigenstate’ of the system
carrying many characteristics of a nearby decay channel.
0+
0+
8Be + α
11B + p
7367
15957
11C + n 18721
12C
3/2
9Li + 2n
10Li + n
300
325
11Li
1/2+
1/2 E=3487(40) 
Γ= 36(15)
14O + p
13N + 2p
−1270
3357
15F
3/2
(1/2+, 3/2+)
7Li + α
10Be + p
8664
11228
11B
E=0
Γ= 0
E=7654
Γ= 0.0093
E=11425(20)
Γp= 12(5)
(a)
(c)
(b)
(d)
−
−
−
11454 10B + n
E=0
Γ= 660(20)
112248Be + t
≈
5/2
E=11600(20)
Γn= 4
+
FIG. 1. (Color online) Selected low-lying states and particle-
decay thresholds (all in keV) in 12C [14] (a), 11Li [14] (b),
15F [5] (c), and 11B [10, 15, 16] (d). The key near-threshold
‘aligned’ states are indicated.
Figure 1 shows some spectacular examples of such
aligned states. The Hoyle resonance at E = 7.654MeV,
which is conveniently located only 287 keV above the α-
particle emission threshold in 12C, is believed [2, 3] to
carry an imprint of the [8Be(g.s.)⊗α] decay channel. The
ground state (g.s.) of the Borromean halo nucleus 11Li
in Fig. 1(b) resembles the [9Li(g.s.)⊗2n] configuration
of the nearest 2n-emission threshold rather that of the
[10Li(g.s.)⊗n] state [17]. (A similar situation happens in
the mirror nucleus 11O, which is a 2p emitter [18].) Sim-
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2ilarly, the excited 1/2−1 narrow resonance in
15F, located
well above the 14O+p threshold and the Coulomb barrier,
is expected to reflect features of a nearby 13N(g.s.)+2p
threshold; hence, it is believed to be a 2p emitter [5].
Figure 1(d) shows the relevant spectrum of 11B [10]
in the vicinity of the 10Be(g.s.)+p, 8Be(g.s.)+3H, and
10B(g.s.)+n thresholds [15]. In spite of the fact that the
state at E = 11.425MeV lies well above the α decay
threshold, it does not seem to α decay, and it has a fairly
small proton width. Indeed, its configuration is expected
to resemble [10Be⊗p] rather than [7Li⊗α]. The close
proximity of proton and triton emission thresholds sug-
gests that this resonance may also contain an admixture
of [8Be⊗3H] configuration. The 5/2+ state at 11.6MeV
that lies only 146 keV above the neutron-decay threshold
is also a candidate for an aligned state. Indeed, accord-
ing to Ref. [16], this state has a vey small neutron decay
width Γn ≈ 4 keV.
SMEC picture– In the simplest version of SMEC, the
Hilbert space is divided into two orthogonal subspaces
Q0 and Q1 containing 0 and 1 particle in the scatter-
ing continuum, respectively. An open quantum system
description of Q0 includes couplings to the environment
of decay channels through the energy-dependent effective
Hamiltonian:
H(E) = HQ0Q0 +WQ0Q0(E), (1)
where HQ0Q0 denotes the standard shell-model Hamilto-
nian describing the internal dynamics in the closed quan-
tum system approximation, and
WQ0Q0(E) = HQ0Q1G
(+)
Q1 (E)HQ1Q0 , (2)
is the energy-dependent continuum coupling term, where
E is a scattering energy, G(+)Q1 (E) is the one-nucleon
Green’s function, and HQ0,Q1 and HQ1Q0 couple Q0
with Q1. The effective Hamiltonian can be written as:
H(E) = HQ0Q0 + V 20 h(E). The energy scale in (1) is de-
fined by the lowest one-nucleon emission threshold. The
channel state is defined by the coupling of one nucleon in
the scattering continuum to a shell model wave function
of the nucleus (A− 1).
The continuum induced mixing of shell model states
in a given SMEC eigenstate of H(E), Ψα, can be studied
using the continuum-coupling correlation energy
E(α)corr(E) = 〈Ψα|WQ0Q0(E)|Ψα〉, (3)
which can be calculated for any SMEC eigenstate.
The point of the strongest collectivization, i.e.,the cen-
troid of the opportunity energy window to find the
aligned state, is determined by an interplay between
the Coulomb+centrifugal barrier and the continuum cou-
pling. For higher angular momenta ` and/or for charged
particle decay channels, the extremum of the continuum-
coupling correlation energy is shifted above the threshold.
Results– In Ref. [10], the Jpi = (1/2+, 3/2+) reso-
nance with E = 11.425(20)MeV and Γp = 12(5) keV,
has been found just 197(20) keV above the one-proton
emission threshold and only 29(20) keV below the one-
neutron emission threshold. Moreover, a close-lying
broad Jpi = (3/2+) alpha-decaying state has been sug-
gested in Ref. [19] to explain the β-delayed α spectrum
from 11Be.
In our study of the resonance at 11.425MeV, the
Hamiltonian HQ0Q0 contains the WBP− interaction [20]
in the full psd model space. The continuum-coupling in-
teraction was assumed to be the Wigner-Bartlett contact
force V12 = V0 [α+ βPσ12] δ〈r1−r2〉, where α+β = 1 and
Pσ12 is the spin exchange operator. The spin-exchange pa-
rameter α has a standard value of α = 0.73. The radial
single-particle wave functions (in Q0) and the scatter-
ing wave functions (in Q1) are generated by the Woods-
Saxon potential, which includes spin-orbit and Coulomb
parts. The radius and diffuseness of the Woods-Saxon
potential are R0 = 1.27A1/3 fm and a = 0.67 fm, re-
spectively. The strength of the spin-orbit potential is
VSO = 7.62 MeV, and the Coulomb part is calculated for
a uniformly charged sphere with radius R0. The depth
of the central potential for neutrons and protons is ad-
justed to reproduce the measured separation energies of
the respective p3/2 orbits.
The calculations were carried out for Jpi = 1/2+ and
3/2+ states in 11B. The shell model states are mixed via
the coupling to the respective one-proton [10Be(0+) ⊗
p(s1/2)]
1/2+ / [10Be(0+)⊗ p(d3/2)]3/2+ , and one-neutron
[10B(3+)⊗ n(d5/2)]Jpi reaction channels.
Figure 2 shows the real part of the continuum-coupling
correlation energy Ecorr divided by the square of the
continuum-coupling strength V 20 as a function of the pro-
ton energy Ep. Away from regions of avoided cross-
ing of SMEC eigenstates, and in the one-channel case,
Ecorr/V
2
0 (Ep) is a universal function of energy, indepen-
dent of the continuum-coupling constant V0. In order
to assess the importance of one-neutron decay channels,
two situations have been considered. In the first case, de-
noted by the solid lines in Fig. 2, the shell model states
are coupled to both one-proton [10Be(0+)⊗ p(s1/2)]1/2+
/ [10Be(0+) ⊗ p(d3/2)]3/2+ and one-neutron [10B(3+) ⊗
n(d5/2)]
Jpi (Jpi = 1/2+, 3/2+) reaction channels. In the
second case shown by dotted lines, only the coupling to
one-proton decay channel has been considered. At each
proton energy, the contributions to the correlation energy
(3) from couplings to one-proton and/or one-neutron re-
action channels are calculated with the correct asymp-
totic of the s1/2/d3/2 proton and/or d5/2 neutron single-
particle state with respect to the one-proton and/or one-
neutron channel threshold, respectively. This means that
for each continuum energy, the depth of the Woods-Saxon
potential is fixed so that the s1/2/d3/2 proton and/or
d5/2 neutron single-particle states are obtained at the cor-
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FIG. 2. Real part of the continuum-coupling correlation en-
ergy (3) calculated in SMEC for the 1/2+3 , 3/2
+
3 , and 3/2
+
4
states, which are in the vicinity of the experimental proton
emission threshold. The results are shown as a function of
the proton energy Ep in the continuum. Solid lines mark the
calculations, which consider the coupling to both proton and
neutron reaction channels. The dotted lines show the situa-
tion, in which the coupling to the neutron channel is ignored.
Zero energy corresponds to the proton decay threshold. The
neutron decay threshold is marked by a thin vertical line.
rect energy with respect to the corresponding one-proton
and/or one-neutron thresholds.
For the 1/2+3 SMEC eigenstate, all four 1/2
+ shell-
model eigenstates are coupled in the ` = 0 partial wave
to one-proton decay channel and in the ` = 2 wave to
one-neutron decay channel (see Fig. 2). In this case, the
strongest collectivization is predicted at E∗p ' 142 keV,
close to the experimental energy of the resonance [10].
We have checked that the centroid of the opportunity
window for the formation of a collective SMEC eigen-
state depends weakly on the assumed charge radius of
11B. Namely, changing the radius R0 by 10% modifies
E∗p by ∼ 6 keV. Coupling to one-neutron decay channel
is weak and provides a nearly constant energy shift of
the continuum-coupling correlation energy and does not
change the energy E∗p .
For 3/2+3 and 3/2
+
4 SMEC eigenstates (8 states con-
sidered), one finds only very shallow minima of the
continuum-coupling correction energy. The coupling to
one-neutron decay channels [10B(3+)⊗n(d5/2)]Jpi is very
weak for 3/2+4 eigenstate and the minimum of Ecorr(E
∗
p)
in this case is seen at E∗p ' 1300 keV. For 3/2+3 eigenstate,
the contributions from coupling to the one-proton and
one-neutron reaction channels are of a comparable mag-
nitude, producing a minimum of Ecorr at E∗p ' 860 keV,
i.e., ∼ 630 keV above the one-neutron emission thresh-
old. In both cases, the collectivization is expected well
above the experimental resonance energy; hence, the re-
sult shown in Fig. 2 strongly suggests the Jpi = 1/2+
assignment for the observed proton resonance.
By comparing both variants of calculations shown in
Fig. 2: with and without the coupling to the neutron-
decay threshold, we conclude that the coupling to the
closed one-nucleon channels does not impact our conclu-
sions. At very low energies, the results of our SMEC
calculations for the 1/2+3 state are strongly affected by
the presence of as many as three exceptional points in
the energy interval between 88 and 92 keV; this makes it
practically impossible to identify the SMEC eigenstate
below Ep = 100 keV.
The 5/2+ narrow resonance at E = 11.600(20)MeV
shown in Fig. 1(d) that lies slightly above the one-neutron
decay threshold is known to decay by α- and neutron-
emission. The huge neutron capture cross section on
10B target at low bombarding energies is controlled by
this 5/2+ resonance, and this suggests a large imprint
of the [10B(3+) ⊗ n(d5/2)]5/2+ reaction channel on the
resonance’s wave function. In the SMEC calculation, six
5/2+ shell-model eigenstates are coupled in the ` = 2
partial wave to one-neutron decay channel. One of these
states, 5/2+6 , appears in the vicinity of one-neutron de-
cay threshold.
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FIG. 3. Real part of the continuum-coupling correlation en-
ergy (3) as a function of the neutron energy En in the contin-
uum calculated in SMEC for the 5/2+6 state, which lies in the
vicinity of the experimental neutron decay threshold. Zero
energy corresponds to the neutron decay threshold.
Figure 3 shows the continuum-coupling correlation en-
ergy as a function of the neutron energy En for the 5/2+6
eigenstate. The coupling to the one-neutron reaction
channel [10B(3+)⊗n(d5/2)]5/2+ is very strong in this case.
The minimum of Ecorr(E∗n) is predicted at E∗n = 113 keV,
close to the experimental energy of the 5/2+ resonance.
However, one may notice in Fig. 3 that the continuum-
coupling correlation energy is rather flat in a broad en-
ergy interval (0.09 MeV≤ En ≤ 0.16 MeV) around E∗n.
Conclusions– In this Letter, we studied the curious
case of a β−p decay of a neutron halo nucleus 11Be
4through a threshold resonance in 11B. Our SMEC cal-
culations strongly favor the Jpi = 1/2+ assignment over
3/2+. The wave function of the 1/2+3 SMEC eigenstate
carries characteristics of a nearby proton decay thresh-
old, i.e., this state can be viewed as a core-coupled pro-
ton state [10Be⊗p] with the negligible [7Li⊗α] compo-
nent. This conclusion is consistent with the suggestions
of Refs. [9, 21] that the β− decay may be interpreted as
a quasi-free decay of the 11Be halo neutron into a single-
proton state, coupled to the 10Be core. In such scenario,
the [8Be⊗3H] component, if any, does not impact the β−p
decay process.
The ‘alignment’ of 1/2+3 eigenstate with the [
10Be⊗p]
reaction channel also explains the large spectroscopic fac-
tor for the proton decay [10] and very small α-particle
decay width of this state. The nearby Jpi = (3/2+) ex-
citation discussed in Ref. [19], on the other hand, alpha
decays. A candidate for this resonance could be, e.g.,
the predicted 3/2+4 state, which weakly couples to one-
neutron and one-proton reaction channels.
Above the one-neutron [10B⊗n] threshold, one finds a
5/2+ resonance, which is crucial for the neutron capture
on 10B. The neutron partial decay width for this state,
Γn = 4 keV, is a large if one considers the small energy
above the decay threshold and the ` = 2 partial wave
involved in this decay. Therefore, the wave function of
5/3+6 SMEC eigenstate exhibits strong collectivization by
the coupling of all 5/2+ shell-model eigenstates to the
neutron decay threshold.
The reason for the appearance of the proton (neutron)
resonances around the proton (neutron) emission thresh-
old is the continuum coupling to the ` = 0 proton (` = 2
neutron) scattering space. In this respect, the case of
11B follows other splendid examples of threshold states
shown in Fig. 1.
Future experiments to clarify the nature of the reso-
nance at E = 11.425MeV are called for. Those include
10Be(p, p)10Be and 8Be(3H,3H)8Be studies. Also, to bet-
ter understand the nature of the nearby neutron reaction
channel and close-lying neutron resonances, more exper-
imental and theoretical work is needed. The former in-
volves 10B(d, p)11Be studies. The latter should clarify the
impact of the virtual ` = 0 neutron state on the 10B+n
reaction channel.
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